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X~RAY ANALYSIS OF ELECTRODE BINDER PITCHES AND THEIR COKES
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INTRODUCTION

The highly aromatic character of electrode binder pitches permits them to be
studied by the same x-ray methcds which have previously been applied to carbon blacks ().
The wida-angle x-ray scattering patterns are similar (see Figure 1) and show that both
suostances are built up of pseéudocrystallites, or parallel-layer groups (to be referred
to in this paper as crystallites), composed of graphite-like layers together with
varying amounts of disorganized material. The quinoline soluble and insoluble fractions
and tha cokes of these pitches are also found to have a similar fine structure (Figure
). 41l these materials, then, are composed principally of graphite-like layers,
some of which are arranged turbostratically (2) in crystallites and some of which are
unzssociated. In the ensuing discussion we shall denote by D the fraction of disor-
ganized material, by L, end L. the dimensions of the crystallltes respectively paral-
1lel ard normal to the constltuont layers, by dy the interlayer spacing, by Me the effec~
tive number of layers in the crystallite, and by fj, fp, §5, etc., the weight fractions
of graphite-like layers respectively unassociated, associated in groups of two, associ-
ated in groups of three, etc.

[

The degres of physical heterogeneity of & specimen, whether it be due to the
presence of particles, pores in solid matter, or discrete regions differing in density,
is revealed by x-ray scattering at small angles. In favorable cases something can be
learred aovout the shape and size distribution of the particles, or other entities,
producing the scattering. In the present investigation we have employed the theory
of x-ray scattering by dense systems which was developed by Kratky (1 ): Porod (16),
ard coworkers (9).

For clarity the wide-angle x-ray study will be presented first. This part
of the paper will include a description of improvements in the experimental technigue
that have been adopted since the earlier report (1) and numerical results for four-
teen samples, ccmprising six pitches and their 575° C.cokes and a beta resin and its
575° C. coke. The second part of the paper will deal with the small-angle scattering
nveSulcatlon of three pitches, their quinoline soluble and insoluble fractions, the
575° C. cckes of the pitches, and a beta resin. Finally some general conclusions will
ve drawvn concerning the structure of electrode binder pitches and their cokes in the
light of both the wide- and small-angle x-ray findings.

WIDE-ANGLE X-RAY ANALYSIS.

Improvements in Experimentel Procedure. Except for certain improvements

to be described herewith, the counter diffractometric technique employed was the same

as that described previously (1). As explained by Milberg (15), in studying specimens
which are weakly absorbing to x-rays by the reflection technique, it is possible to -’
make systematic errors in measuring intensities if the receiving slit is too parrow to
permit the detector to "see" the entire irradiated volume of the sample. In the present
study such errors vere eliminated by removing the scatter slit of the Norelco goniom-
eter. In Milberg's notation this means making a large with respect to A. Furthermore,
the specimen dimensions were increased somewhat to permit intensities t0 be- measured
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over the angular range 20 = 12° to 144°., The sample dimensions were 31 mm. long x 11
mm, wide x 8 mm. deep when used with a 1° divergence slit and 0.006-inch receiving
slit.

CuKo radiation of rather high monochromatic character was obtained by using
Ross balanced filters of nickel and cobalt (11,17). Satisfactory thicknesses were
realized by varying them until both filters gave the same transmitted intensity at
the wavelength of CukB, 1.392 A,, while the Ni filter absorbed approximetely 50% of
CukKa, 1.542 A. The experimental counting rates were.corrected for resolving time
losses of the Geiger counter and for polarization in the usual wa.y'(l). Normalization
of this corrected experimental curve (A in the notation of referencé (1)) to electron
units was accomplished by fitting it to the independent scattering curve (B) of car-
bon at the angle (sin 0)//\ w 0.505, a method suggested to one of the authors by P. B.
Hirsch in a private communication. This method is Jjustifiable on the basis of calcu-
lations by R. Diamond (L) of the x-ray scattering by discrete graphitic, or aromatic,
layers of varilous sizes which demonstrate that the diffracted intensity is nearly in-
dependent of the layer dimension at this angle. As in the previous work the carbon
scattering factors of McWeeny (14) were used; however, the values of the incoherent
scattering computed by Keating and Vineyard (10) were employed rather then the earlier
data tabulated by Compton and Allison. :

In contrast to khe previous investigation (1) the present study has made use
of the (11) rather than (10) line in deducing the mean layer diameter L, of the crystal- f
lites. There are two reasons for this change in choice of (g) reflection. First, )
the reliability of the independent scattering curve of carbon is undoubtedly greater
at the larger angle involved (s = 0.84 rather than 0.49, where s = 2(sin 6)/A). Second,
as noted by Diamond (4), the (hk) scattering function'is less perturbed at this higher
angle by the (00.£) interference function since the amplitudes of its maxima decay
rapidly with increasing order, becoming negligible as a general rule for £ > 4. In
this connection it may be mentioned that experience in this laboratory indicates that i
values of Lg derived from the (10) line tend to be larger than those derived from the
(11) line, although this does not invariably hold.

INTERPRETATIVE FROCEDURE AND RESULTS

The several structural parameters, D, L,, L., Gy, M., and the fractions f;,
fp, f3, etc., have been calculated from the experimental intensity curves in much the
same way as was done in the last study. (1) As before, the (002) line profile has been
converted to the symmetrical form I' by means of the proper choice of D in the equation

, 82 I-D
T = 5068 * T o ¢ (1)

This choice of D can be made directly if equetion (1) is first converted to the form

2 2
s2 I - 51 11 2)
D = e et ) 2
522 - Slz

wherein I; and I, are the experimental intensities at two points 8 and 8, equi-
distant from the point of maximum intensity and close to the minima that lie on either
side of the (002) maximum. For example, the angles s; = 0.16 and s» = 0.40 may be
used if the maxjmum point falls very close to 0.28.

The L, dimension of the crystallites has been computed in two ways (Table
I): first, by using the Warren equation for the helght of an (hk) profile as applied
by Franklin (6) (see reference (1), equations (5) and (6)); second, from the width
of the (11) profile at half-maximum intensity using the Scherrer crystallite size
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formule with an appropriate value of the shape factor, K = 1.84, (12,19)

- 1-8]4' R . - (5)

W cos ©

Both these methods of calculating L, meke the implicit assumption that any given
specimen contains crystallites with a single uniform Ls dimension. Obviously this is
not as realistic as a distribution of L, values. Diamond (5) has recently described

a least-squares method for selecting the most probable distribution of Ig's from the
shape of an (hk) profile. Also the L. dimension has been computed in two ways: <first,
through the uEE of the effective number of layers, Mg, which makes allowance for the
distribution of M values; second, from the width of the (002) band at half-maximum in=-
tensity by means of the Scherrer crystallite size formula h

0.9 A
- k4
Le wcos © ( )

in which the shape factor is set equal to 0.9. The second method does not take account
of the distribution of M values.

The trial-and-error procedure described previously (1) was used to match the
experimental and theoretical I' profile of the (002) band. This process leads to a
picture of the distribution of M values characterizing each sample, which is to say,
the weight fractions of graphite-like (aromatic) layers combired into crystallites
composed of one layer (f;), two layers (fp), three layers (f3), etc. Although this
frequently leads to rather precise fitting of the (002) profile, it does not mean that
the solution is unique. In fact, a study of the effect of controlled variations J'gl;
g 2, 413, etc., upon the quality of the fit obtained has shown that rather large
deviations may be tolerated in f3, fp, and §5 provided only that they are mutually com-
plementary (§2 increased at the expense of §5 for example). This leads to the following
estimate of probable deviations which apply to the various f's:

f1 10.05
o, f5_ 10.03
£y, f5) g +0.02
f7, sees £1n +0.01

These limits should be kept in mind in comparing the M distributions of the fourteen
samples represented by histograms in Figure 2. These include six electrode binder
pitches and their cokes and a beta resin and its coke. To emphasize the effect of
coking at 575° C. on the association of layers, the coke histogram (broken lines) of
each specimen has been superposed upon the histogram of the corresponding uncoked
specimen (solid lines). It is evident that coking results in an increased degree of
association of layers, the histograms tending to extend to higher M's with a decrease
in the f£'s at lower M's. It is interesting to note, however, that in some cases coking
increases the weight fraction of single layers, f3, and in other cases decreases it.

Figure 3 compares the I' (002) profiles of pitch No. 3 and its coke. The
greater asymmetry of the pitch profile is typical of all the specimens studied to varying
degrees. - It is probably the consequence of a considerable variation in the interlayer
spacing, dy. The nature of the skewness can be explained by crystailites with com-
paratively few layers having larger values of QM than those with more layers. Semi-
quantitative efforts to determine the upper and lower limits on dy result in maximum
values as large as 4.0 A, if the minimum value of 3.44 A. proposed by Franklin (7)
for disordered layers 1s accepted. The presence of aliphatic material would also
contribute to skewness of the type observed, and this would result in calculated D
values which are too small. However, the aromatic content of the pitches studied is
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so high as to eliminate this as a substantial source of error.

It is not possible to achieve a completely satisfactery matching of theo-
retical and experimental profiles for such skewed profiles on the tasis of a sinzle
value of dy, as is dore in the present sckheme of aralysis. Al the same time the
mathematical complexities erising from the use of a variable ;q parameter are s0 great
as to exclude this approach in practice. It is well to bear ir mirnd, then, that the
M distributions deduced for the pitches are somewbat less reliable than those for
the cokes, which produce more symmetrical I' (002) profiles.

Table I lists the L, and L, dimensions of the crystallites {ogether with the
parameters D, dv, 2nd Me, which were described earlier. The effective number of layers
per crystallite is defined by

g, (5)
M

and Lc is then given by

L. = M, = dy ZfMM . ()
M _

In equation (6) dy is computed from the s value corresponding to the point of maximum
intensity of the I’ (002) profile using The relation

dy = L1/sgay - . (7

It is to be emphasized that a single but different experimental value of QM is derived
for each specimen,- but that a single constant value of 3.52 A. has been amployed in tne
computation of all the theoretical (002) profiles in order to keep the mathemastical
labor within bounds.

In Table II values of the "shape factor” I,/L. have been ccmputed fcr the
six pitches and their cokes as well as for the uncoked and coked beta resir. lhe
ratios make use of Iy from the (11) peak width and L. as derived from (002) prefi
matching, which are considered to be the most reliable velues. From the two tat
will be seen that the layer dimension La falls in the range 12-16 A. for ootk th
and the cokes, while the crystallite "height” L, lies in the renge 12-14 A, for iiae
but 16-19 A. for their cokes. Hence the pitch crystallltes have approximately egual
dimensions L, and L. (average La 1.07), whereas when coking occurs the crysiallites
grow more rapidly along ¢ than g (%or cokes the average La/Lc 0.77) .

- b
& F
vd o o &

From Table I it is seen that so-called "disorganized metter” comstitutes
from 30 to 50% of the mass of toth the pitches and their cckes. This is appreciably
higher than in carbon blacks where the usual limits are between 10 and 35%. It is
also somewhat surprising that the fraction of disorganized matter in pitches is not
appreciably larger than in their cokes. We may agein note in this conrection that
the presence of aliphatics would tend to result in an underestimation of D.

In order to understand what disorganized matter means we must rememper that
all x-ray interference effects, both crystalline reflections and amorphous nalos, are
the- result of x-ray scattering by pairs of atoms separated by & frequently esncountered
vector distance or by systems of atoms arranged in a periodic fashion (lattices). On
the other hand all interatomic vector distances of random, or very irregular, lengths
- result in continuous diffuse scatter which is part of the background scatter of the
diffraction record. It is this continuous scatter, indistinguishable from the theo-
retical independent scatter of isolated atoms, which is interpreted by t.e present
analytical method as being due to disorganized material. Therefore, disorgenized
matter consists only in part of fragmentary agsregates of carbon and other atoms. A
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Table I. Crystallite Structure Parameters of Six Electrode Binder
Pitches and a Beta Resin and Their 575° C. Cokes

(W-F = Warren-Franklin analysis)

D Ly (A) | Ly (A0 | L (a2) | Lo (A)|ay (&)
(w-F) | (width) (distrib.)| (width) :

Estimated Precision
(probable deviation)| +0.05| +1.5 +1.5 +0.5 0.5 |#0.03 | +0.20
1. Pitch 0.4k | 16.3 13,2 4.1 14,3 3.51 4,03
Coke 0.42 }17.1 12.0 18.8 27.8 3.48 5.41
2. Pitch 0.39 | 14,5 15.3 12.7 13.9 3.52 3,60
Coke 0.36 | 14.2 13.1 17.8 26.4 3.52 5,05
3, Pitch 0.48 | 1k.2 13.5 13.5 13.2 3.57 3.79
Coke 0.32{10.8 . [15.3 15.8 22.5 307 4,56
4, Pitch O.kk | 15.6 12.1 12.4 12.9 3.52 %.51
Coke 0.51 | 20.0 12.4 17.3 22.5 3.50 4,95
5. Pitch 0.4k | 13.4 16.4 11.8 11.8 3,60 3.27
Ccke 0.43 }18.0 k.1 18.1 24.0 3.47 | 5.23
6. Pitch 0.46 [ 10.h4 12.4 12.6 13.2 3.52 3459
Coke 0.45 }12.0 15.3 15.L 27.5 3.50 k.69
7. Beta resin 0.52 { 23.8 13.9 12.0 12.5 3.55 3.39
Beta resin coked | 0.38 |17.6 14.8 19.1 18.0 3455 5.39
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Table II. Shapes of Crystallites

(Ly/Le = ratio of diameter to height)

Sample
No. L,/L. of Pitches Ly /L. of Cokes (575° C.)
1 : 0.94 0.6k
2 1.20 0.4
3 1.00 0.97
4 0.98 0.72
5 139 0.78
6 0.98 0.31

Average 1.07 0.17

7 Beta Resin 1.16 0.78
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considerable, if not major, part consists of other atoms irregularly located with
respect to their nearer neighbors. Another way of saying this is that all departures
of the atomic arrangement in the sample from ideality (ideal graphite layers associated
in a random layer lattice), which is to say structural imperfections, will contribute
to the diffuse background scatter and be recogrnized in part as disorganized matter.
Thus the following will be interpreted, at least in part, as disorganized matter:
foreign atoms (0, N, S, H, etc.), variations in the interlayer spacing from whatever
causes, buckling of the layers due to possible non-aromatic character in certain
regions, holes in the aromatic layers, and translational irregularity in the stacking
of the layers one upon the other. J. R. Townsend (18) has made theoretical studies
which show quantitatively that this kind of stacking disorder reduces the intensity
of the (002) band and at the same time contributes to the diffuse backgrourd.

SMALL-ANGIE X-RAY ANALYSIS

Experimental Procedure. The x-ray scattering intensities at small angles
were recorded manually using a General Electric XRD-5 diffraction apparatus equipped
with a pair of identical 0.05° slit collimators (Type 49SLBE) and argon proportional
counter tube (Type ALOS52E). As in the wide-angle measurements, balanced nickel and
cobalt filters were used to provide x-ray intensities of relatively high monochromatic
character., Figure 4 is a schematic drawing of the apparatus with the receiving col-
limator (No. 2) set at the 0° 20 position so as to receive the direct beam transmitted
by collimator No. 1. The specimen is oriented with its surface normal to the direct
beam. It turns through an angle A® about the spectrogoniometer exis when the receiving
system thrns through an angle 246, as is the usual arrangement in powder diffractometers.
Although this causes the specimen to be inclined slightly when the small-angle scatter-
ing is being recorded, the x-ray absorption correction is not perceptibly changed
because of the small angles involved. This means that an absorption correction need
not be included in the interpretation of the intensity data. The slits la, 1b, 2a, and
2b are of equal dimensions, the width being about 0.04 mm. and the height being com-~
raratively very large and determined by the separation of the Soller plates. These
are sets of parallel plates with a spacing chosen so as to limit the vertical diver-
gence to a tolerable amount.

The specimen powders were packed in a rectangular window 0.2 cm. thick by

. 0.4 cm. wide by 1.38 cm. long in a brass plate, no binders or adhesives being used.

In terms of the specimen weight W, volume v, and known solid density dg, the volume
fraction of solid matter is then

macro density w

solid density d. v

The volume fraction of void space is, of course, 1 - ¢c. Counting rates were recorded
point by point from 20 = O. 04° to a maximum angle beyond which the intensity was too
lov to measure accurately without prohibitively long counting times. This upper
angular limit ranged from 0.3° for some pitches, quinoline soluble fractions, and the
beta resin to 1. 0° for all of the quinoline insoluble fractions. For each specimen the
scattering curve was recorded (a) with Wi filter, (b) with Co filter, and then with
specimen removed (c) with Ni filter, ard (d) with Co filter. The difference of curves
(c) and (d) gives a measure of the correction to be applied for parasitic scattering
(scatter due to slits, air, and other extraneous sources). The correction curve is ob-
tained by multiplying the directly measured curve by the absorption factor character-
izing the particular specimen being examined, exp (-mt), where 4« is the linear ab-
sorption coefficient of the sample and t is its thickness. The exponent AL can be
directly obtained from the weight-to-area ratio (_/A) of the specimen by the following
transformation:
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,a,t = X = X — . (8)

In this expression (/t/d ) is the mass absorption coefficient of the specimen for

x-rays and A is the area of the face of tne specimen pormal to the beam (0.4 x 1,38 =

0.552 cm.2 for the specimen holder employed). The composition of each of the specimens

wes regarded as being 100% carbon, for which_/&/gs was assigred the value measured ,
by Chipman, (3) 4.15. Hence in the present study et = 7.52 w. The intensity curve

to be analyzed was obtained from the several measured curves as Lollows:

I= (Iy; - Igols = (Iys = Tgolus exp (-mt).
Here S = sample and NS = no sample.

Interpretative Procedure and Results. For a full explaration of the inter-
pretative procedure the reader is referred to the paper by Kahovec et al. (9) Guinier
and Fournet (8) have given a condensed account of the theory ard requisite experimental
conditions. The necessity for making corrections ror finite slit heignt pas been
avoided by employing slits of large height-to-width ratio. The theory takes into
account this experimental feature implicitly, (9,16) so that the formulas presented
herewith require no modification for the "slit effect”.

The first step in the analysis of the intensity curves is to compute the

following quantities:
oo
[Ids . (9)

e =
o -
q = /Isds . (10)
I
a = lim (Isa) . (11) ’
§ ~——> o0

In these expressions s = (47sin 8)/A, or 4W6/A since § is very small. It is seen

that e is the integral scattered intensity over the ertire range of appreciable intensity.

Its value cannot be determined accurately in cases where I is still increasirpg repidly

at the lowest angle attainable. It can be shown theoretically that the scattering

curve must in & completely genmeral way approach asymptotically the line 5'3 at higher

angles, so that if the curve is multiplied by §3 a2 constant limiting value of & is

reached. When this condition is experimentally realized, it bectmes possible %o

determine the specific surface of the specimen. For some types of hetercgeneity this

asymptotic value is not reached at angles for which I is of detectable irtensity, in

which event the specific surface cannot be determined directly. -A convenient way to

apply this initial criterion is to plot intensity against s (or 20) on log-log paper

and note whether a slope of approximately -3 is reached at “the highest angles. This

log-log plot also reveals something of the type of structure of the colloidal system.

A flat mid-section means rod- or plate-like particles rather than & spherical or

granular habit, a steeper slope as the primary beam is approached indicates clustering

of particles into larger aggregates, while a decreasing slope as the primary beam is

approached denotes the presence of a considerable proportion of particles of relatively

small size, If the slope is uniformly close to -3 throughout the measurable range, /
the particles are regarded as rather uniform in size and approximately spherical in

shape. y
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If an asymptotic slope of ~3 is reached at the higher angles, the total
surface area can be computed in terms of the volume fraction of solid from & and g as
follows: :

0 = Wec (1-c)afq, (12)

from which the surface in m.? per em.? of solid sample is

0
r \'

= 40,000 (1 - ¢) iq- , . (13)

[of

and the specific surface in m.? per g. is

450,000 (1 -c)a

0 = . ' (14)
SP dsq . .

The theoretical expressions set forth by Porod, Kahovec, and associates also
include three other useful quantities. The first is £, the structure number, defined

by
2
f = ea/q . (15)

This quantity is qualitatively a measure of the irregularity of the colloidal sub-
division. In a dilute system of identical spheres f£ is about l/2. Cluster formation,
fluctuations in particle size, and deviations from spherical shape cause an increase
in £, so that for granular structures in general it is close to unity. Still larger
£'s indicate pronounced departures from spherical shape.

The theory also yields two length parameters, z and ic' The first is the
inhormogeneity length, ’

2 = 40,000/0,. . ' (16)

If the colloidal system is imagined to be pierced by rays in all directions at random,

the rays will be cut into different lengths by the disperse phase (particles in void
or holes in solid). The numerical average of these lengths is AL . The second length
parameter, £., is known as the coherence length and is given by

L. = 2efq. (17)

c

It is related to the size and shape of the particles as well as to their arrangement,
In a dilute system of identical spheres £. is equal to 3/4 of the sphere diemeter.
Clustering of particles will cause ar increase in the value of 2.

Table III gives results for three electrode binder pitches and their cokes,
quinoline insoluble (Q.I.) fractions, and quinoline soluble (Q.S.) fractions, and for
a beta resin., Figure 5 shows the plots of log I against log 20. Before attempting an
interpretation of the numerical deta in Table III it Is best to see what can be learned
from the curves. Perhaps the most obvious feature of the curves is their similarity in
shepe. With few exceptions they slope upwards at the lowest angles, an indication
of either particle clustering or the presence of a substantial weight fraction of
much larger particles. This is a comspicuous characteristic of all the specimens
except the quinoline insoluble fractions, of which only one displays this feature.
The slopes of all the curves tend to decrease continuously, although sometimes ir-
regularly, with increasing angle. Hence there is no indication of pronounced depar-
ture from a spherical particulate habit. Finally, for most of the specimens the slopes




=1l

Table III. Small-Angle Scattering Results for Selected Samples
£ £
Scattering =3 {value {value used | p Z Osp
Range {(arbitrary | directly | in computirg}— =
(°20) units) | computed)| £ and Ogp) |(A.) | (A.) | (m.2/g.)

Pitches

No. 1| 0.04-0.3 27 O.k2 542

No. 3 | 0.04-0.3 373 0.39 540

No. 6 | 0.04-0.3 210 Q.45 545
Cokes

No. 1 | 0.04-0.6 749 0.55 0.60 L46 | 619 37.0

No. 3 | 0.04-0.7 1600 0.h43 0.60 L37 1629 36.3

No. 6 | 0.0L4-0.6 1046 0.45 0.60 463 |s574 40,0
Q.I. Fractions .

No. 1 j 0.04-1.0 2939 0.38 ' 0.60 o3 1623 39.0

No. 3 | 0.04-1.0 3632 0.5k 0.5k 384|698 3h.7

No. 6 | 0.0k-1.0 5333 0.59 0.59 362 {577 42,0
q§.S. Fractions

No. 1 | 0.04-0.3 L6 0.34 5L8

No. 3 | 0.04-0.3 230 0.43 541

No. 6 | 0.04-0.L T06: 0.k2 527
Beta 0.04-0,3 786 0.49 518

Resin ’ ’
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become considerably less than -3 at the largest angles, which means that in these in-
stances the surface areas will have to be estimated by an indirect approach rather than
determined directly in terms of the limiting value of a = l§3. Kahovec et al. suggest
for such cases that a reasonable value be assigned to f and that a value of & be com-
puted from it by means of equation (15). In Table III this method has been followed
for cokes 1, 3, and 6 and Q.I, fraction 1, using an assigned f value of 0.50. The
correspdnding jg and 95 values are therefore to be regarded as estimates and less
accurate than the values for Q.I. fractions 3 and 6.

The observations Just made are in accord with the small vaelues of f directly
computed from the experimental intensities by means of equation (15). For Q.I. fractions
3 and 6 the limiting slope of the log I versus log 5? curve is close to -3, permitting.
dependable specific surface values to be calculated using equation (14%). For the other
samples the slopes become -3 at intermediate angles and yield the directly computed f
values given in Table IIT, many of which are smaller than the thecretical minimum value
of 0.50 to be expected for an ideal system of uniform spheres, These abnormally small
values are not unexpected since a slope of =3 at large angles is not reached. A cholce
of £ = 0,60 seems reasonable as a basis for subsequent calculation of &, £, and O
since this is approximately the value observed for Q.I. fractions 3 and 6, which arg
believed to be reliable. The fact that all the directly computed f's are in the
neighborhood of 0.5 emphasizes what has been already inferred from the curves, that the
particle shape is not far from spherical.

It will be seen from Table III that the amount of small-angle scattering, e,
is largest for the Q.I. fractions, considerably less for the cokes, and very small for
the pitches and Q.3. fractions. This shows that the Q.I. samples are most heterogenecus
physically, the cokes less so, and the pitches and Q.S. samples reletively homogenecus.
The weak small-angle scattering of the last two materials can be interpreted in two
ways., First, it may mean that the samples are very largely solid continuums, without
pores or particles, but that a small portion of each sample is either particulate or
consists of solids with pores. Second, it may mean that the samples are entirely
solid without pores or particles, but that the solid continuur consists of regions of
differing density. The latter explanation seems more reasonable in the case of pitches
and Q.S. fractions, but since the densities of the hypothetical constituent regions
are not known, it is not worthwhile to compute specific surface values, which would
necessarily rest on extremely arbitrary assumptions. Even if an effective "internal"
surface could be computed in this way, it would have only a very ambiguous physical
significance. In this connection it may be emphasized that small-angle scattering can-
rot differentiate between particles in void and the complementary case of pores in

. solid. Precisely complementary structures of these two kinds would give identical

small-angle scattering patterns. Likewise, the specific surface would be the same in
both cases and its determination unambiguous.

One of the two length parameters, the coherence length £ _, is computed
directly from the intensity integrals e and g (see equation (17)) &nd can be derived
independently of the -3 slope criterion discussed above, Accordingly ;gc has been
calculated for all the specimens in Table III, whereas-!&, the inhomogeneity length,
and gsp, the specific surface, have been determined only for the cokes and Q.I.
fractions. 1In deriving the specific surfaces, the values of c used have been those
calculated from the following "solid” densities: 1.75 g./cm.3 for cokes and 1.65
g./cm.3 for Q.I. fractions.

Not only do the x-ray results indicate an approximately spherical habit for
all the materials studied, but the length parameters £, and _£ and the specific sur-’
faces are surprisingly similar. This is striking in view of the probable difference
in character of the heterogeneity in cokes and in Q.I. fractions. Thus one may be
predoninantly particulate whereas the other may be more reticular (pores in solid).
Electron photomicrographs of the Q.I. fractions confirm the small-angle scattering
results by showing most of the particles to be spherical, a considerable portion
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being less than 1000 A. in diameter and the rest much larger on the average. Most of
the cokes, however, are seen to comnsist of roughly equidimensional particles of other-
wise irregular shape, many of them too large to produce small-angle scattering in the -
accessible angular range.

In the absence of supplementary information regarding the character of the
heterogeneity in a substance that produces smali-angle x-ray scatter, it is best to
look upon £, and .2 as giving the approximate linear dimensions of the structural
entities responsible for the small-angle scatter instead of attempting a mcre concrete
interpretation in terms of sphere or pore diameters. For all five substances studied
these scattering entities are of nearly the same mean size, and in addition they are
not far from spherical (at least equidimensional) in sbape.

CONCLUSIONS

1. The fine structure of electrode binder pitches and their cokes resembles
that of carbon blacks. Approximately two-thirds of the carbon is present as aromatic,
or graphite-like layers, which for the most part are in turn aggregated into turbo-
stratic crystallites.

2. Roughly one-third of the carbon ard minor constituent elements are present
as so-called disorganized material, & higher proportion than in carbon blacks.

3+ The pitch and coke crystallites are approximately equidimensional with
linear dimensions of 12-20 A. Coking of & pitch at 575° C. produces a somewhaet greater
increase in L. than in L,.

Lk, The interlayer spacing in pitch crystallites shows considerable variationm,
in contrast with those in cokes or carbon black, which are rather uniform.

5. A considerable portion, probably more than half, of the quinoline insoluble
fractions examined is present in the form of roughly spherical particles with a mean
diameter of the order of 500 A. The remainder-is present as muck larger particles the
dimensions of which cannot be measured by small-angle x-ray scattering.

‘6. The small-angle scattering produced by pitches and their quinolire soluble
fractions is weak, showing that they possess little if any particulate character.

. 7. 575° C. cokes of pitches and the quinoline insoluble fractions of pitches
possess similar specific surfaces of the order of 4O m.a/g.

‘ACKNOWLEDGMENTS

This work was done by the Chemical Physics Group at Mellon Institute and was
supported by the Coal Chemicals Fellowship of the U, S. Steel Corporation., The electron
microscope observations were made by Robert V. Rice.

i

Alexandger, L. E., Sommer, E. C., J. Phys. Chem. 60, 1646 (1956).

Biscoe, J., Warren, B. E., J Appl. Phys. 13, 364 (l9h2)
Chipman, D, R., J. Appl. Phys E 1387 (1955).

Diamond, R. ActaC st. 10, 359 (1957)
Ibid., 11, 125 (1558}

Franklin, R. E., Ibid., 107 (1950).

Ibid., 4, 253 (1951). &

Guinier, A., Fournet, G., ' Small—Angle Scattering of X-Rays,” pp. 78-81, 156-60,
John Wiley, New York, 1955.

Kahovec, L., Porod, G., Ruck, H., Kolloid Z. 133, 16 (1953).

~

P e e et e S an L T
O O~ W FW P
N et e e Se? S ot

S irem b sTma s emwe aoaTWy

A

* ari



e
P O

I e e
e S St S St S St S N

AL

P PN P NN P Y an X ann
NN e
0 -3 W U

e s vaaad

R

b RV P

R 2 e ]

- e

T R e

/(

—

Ah7-

Keating, D. T., Vineyard, G. H., Acta Cryst. 9, 895 (1956).

Kirkpatrick, P., Rev. Sci. Instr. 10, 186 (1939); 15, 223 (194k4).

Klug, H. P., Alexander, L, E., "X-Ray Diffraction Procedures for Polycrystalline
and Amorphous Materials," pp. 516, 536, John Wiley, New York, 195k,

Kratky, O., Naturwiss. 26, 94 (1938); 30, Sk2 (1942).

McWeeny, R., Acta Cryst. 4, 513 (1951).

Milberg, M. E., J. Appl. Phys. 29, 64 (1958).

Porod, G., Kolloid Z. 12%, 85 (1951); 123, 51 (1952).
Ross, P. A., Phys. Rev. 28, k25 (1926). .

Townsend, J. R., Acta Cryst., in press.
Warren, B. E., Phys. Rev. 59, 693 (1941). -




18-

QUINOLINE  INSOLUBLE

QUINOUINE  SCLUBLE

Intensity

Y S TS Y VOO SO T S S NV S e §
QU0 04 Q8 022 026 030 Q34 (38 G4 046 050 0%
(Sin 8)/

Figure 1. Comparison of the wide-angle x-ray diffrection patterns of an electrode
binder pitch, its 575° C. coke, quinoline soluble and insoluble fractions of
a pitch, and a typlcal carbon black
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Figure 2. Histograms comparing the M distributions in six pitches (Nos. 1-6),a beta

resin (No. 7), and their respective 575° C. cokes. Solid lines uncoked,
broken lines -coked. Estimated precision of EM'S indicated by hatched histograms.
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Figure 3. Comparative (002) profiles of pitch No. 3 (solid line) and its 575° C. coke
(broken line). : .
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Figure 4. Schematic diagram of small-angie scattering apparatus.
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Figure 5. Plots of logjgl versus 1og);20 for three electrode binder pitches (P), their
575° C. cokes (C), quinolinme insoluble fractions (QI), acd quinclime soluble
fractions (QS). Numbers on curves indicate magnitudes of the negative slopes.
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